In the present work, we investigate experimentally the development of hydrodynamic instability phenomena of immiscible liquids flow with free surface between concentric cylinders when the outer cylinder is fixed and the inner one rotates. The combined effect of the free surface and the aspect ratio is studied for a single fluid flow and for two fluids flow. The onset of the Taylor vortex (T c1 ) is not affected for both studied cases. Its value remains unchanged T c1 = 41. The critical speed for the appearance of the wave instability T c2 of the heavy fluid flow is found to be very sensitive to the presence of the free surface. Increasing the aspect ratio delays the appearance of this instability. However, the effect of the free surface is removed for large aspect ratios and the flow becomes stable. When the gap is partially filled with two immiscible fluids the variation of aspect ratio of light fluid Γ HF and heavy fluid Γ LF can stabilize or destabilize the appearance of the wave instability.
the gap between the cylinders (mm). h 1 height of the inner cylinder (mm) h 2 height of the outer cylinder (mm). H HF the height of the heavy fluid (mm). H lF the height of the light fluid (mm). R 1 radius of the inner cylinder (mm). R 2 radius of the outer cylinder (mm). Ta Taylor 
Introduction
Taylor Couette flow with free surface appears in fluid machinery and chemical reactors and includes other industrial interests.
The free surface effect on the flow in cylindrical Taylor Couette flow can be presented in two models. The first one has been known since D. Coles experimental work in 1965 [1] .The lengths of the two concentric cylinders are infinite and the upper boundary is a free surface. T. Watanabe et al. [2] [3] [4] have shown that the acceleration rate of the inner cylinder changes the formation processes of flows and flow modes. They have found that the gradual acceleration of the inner cylinder produces the normal mode flows with one, three and five toroidal vortices and have plotted a phase diagram for the exchanges of stabilities between these flow modes. I. Nakamura et al. [5] and Y. Toya et al. [6] have investigated the transition processes during the quasi-steady state by decreasing Reynolds number. They have found two modes in the flow, normal mode and anomalous mode. For the second model, the lengths of the two concentric cylinders are finite. J.A .Cole [7] has found that the Taylor number for the onset of wavy vortex flow increases considerably as the annulus height is reduced. M. Linek et al. [8] have presented experimental results, which demonstrate that Taylor-system terminated at one end by a liquid-air interface has a band of solutions, which is narrower than the Eckhaus-stable band of the system with rigid nonrotating ends. A. Mahamdia et al. [9, 10] have found that the appearance of Taylor vortices does not depend on the fluid height and the appearance of wavy mode is delayed when the aspect ratio decreases . T. Watanabe et al. [11] have shown experimentally and numerically that the flow has multiple patterns depending on cylinder length and Reynolds number. H.F. Bauer et al. [12] , M. Noui Mehidi et al. [13] and F.Yahi et al . [14] have studied the flow states occurring in the presence of free surface between conical cylinders . They have found that this type of flow involves a delay of appearance of the various modes of instabilities.
The two immiscible fluids instability is interested in the effect of the interface, on the vortex flow. It has attracted the interest of researchers since Schneyer and Berger (1971) [15] who showed a linear stability analysis for a case of fixed external cylinder. Joseph and al. [16] have predicted the linearly stable, rigid interface between the two fluids to rigid rotation when J > 1. They Predicts broadly stable interface for J > 4. Qualified this factor group, Joseph (J) measures the relative importance of centrifugal forces and interface. Renardy and Joseph [17] have extended the cylinder analysis exploring in order to calculate the stability of the interface for various combinations of fluid viscosities and related configurations. They studied theoretically the stability of Taylor-Couette flow of two fluids with the rotation of the inner cylinder only. Baier and Graham [18, 19] studied the centrifugal instability of the liquid radially laminates in annulus, using the linear stability analysis in the annular gap between rapidly corotating coaxial. Experiments showed them by interface, the swirls although defined at each phase. They investigated the stability of a pair of radially stratified immiscible liquids undergoing an axial and countercurrent flow. The stability analysis reveals that for small axial Reynolds numbers, the flow is slightly stabilized against the Taylor-Couette instability and agrees with obtained results in single phase. For axial Reynolds numbers greater than ten, the flow is susceptible to a generally nonaxisymmetric it is the Kelvin-Helmholtz instability, which precedes the Taylor-Couette mode.
L. A. Da´valos [20] studied the instability of the interface between two inviscid fluids inside a rotating annulus in by neglecting the effect of gravity. E. Dluska and al. [21] presents a method of simple and multiple water fuel emulsions preparation in a liquid-liquid contactor with Couette-Taylor flow (CTF contactor) , water-oil emulsion has been considered and tested to improve combustion efficiency. There has been some basic research concerning the effects of water emulsions on exhaust emissions. J. Peng and K. Zhu [22] studied the effect of an insoluble surfactant on the centrifugal and shear instability of a pair of radially stratified immiscible liquids in the annular gap between concentric cylinders in Taylor-Couette flow is investigated by a normal-mode linear analysis and complementary energy analysis. A.Yu. Gelfgat and al. [23] considered a two-fluid Taylor-Couette flow with a deformable interface separating two liquid layers is studied numerically effect of the interfacial tension on the flow . It is shown that if the layers are infinitely long, there exist a stable and steady states with Taylor vortices of finite strength and finite deformations of the interface. On the other hand, if the length of the layers is finite and no-slip conditions are imposed at the boundaris, the liquid-liquid interface becomes unstable near those edges.
This paper is an experimental analysis of the Taylor-Couette flow. We particularly focused on the effect of the free surface with an immiscible fluids and their aspect ratio confined between the two cylinders on the first and the second modes of instability.
The main objective of this study is deals with the experimental instabilities analysis of tow immiscible fluids confined between concentric cylinders and compared with the nominal case using a single fluid with free surface.
Firstly, one observes by visualization techniques the effect of a single fluid with free surface Γ HF on the instabilities onset. Secondly, we examine the development of the various states under the effect of the aspect ratios (for the nominal case) Γ HF and Γ LF of the two immiscible fluids with a free surface.
Experimental setup and procedure
The experimental device and the schematic diagram used in this study, which consist of two coaxial cylinders are reported in Fig.1 .
The inner cylinder characterized by a radius R 1 = 35 mm, height h 1 =120 mm rotates with an angular velocity Ω. While the outer cylinder of radius R 2 =41mm, height h 2 =148mm is maintained at rest. The gap between the cylinders is d =R 2 -R 1 =6 mm.
The system has a radial gap δ = d / R 1 = 0.17, and an aspect ratio Γ=H/d (H is the height of the fluid). In this study, two immiscible liquids were used as working fluids. The heavy fluid is oil, characterized by a kinematic viscosity υ HF =1.005 10 -6 m 2 /s and a density ρ HF =996.3 Kg/m 3 measured at T=20°C. The light fluid is a mixture of water and kalliroscope, the density and the kinematic viscosity measured at T=20°C are respectively, ρ LF = 777.23 kg/m 3 and υ LF =5.43 10 -6 m 2 /s. The outer cylinder is higher than the inner one. This device allows working with a free surface since the maximum height H of the fluid never exceeds the height of the inner cylinder. 
Results

Single liquid with free surface
In the first part of our work, the annular gap is partially filled by a single fluid, we examine the influence of the free surface and the aspect ratio Γ HF (0 < Γ HF < 20) on the instabilities onset. When the inner cylinder rotates the instabilities of Taylor This instability is due to the destabilizing effect of the centrifugal force, and there is a competition between this effect and the stabilizing effect of viscous drag force. The dimensionless Taylor number can be used as a criterion for change from one unstable state to another. It represents the ratio of centrifugal forces to viscous forces and was expressed mathematically as, When the angular velocity of the inner cylinder is increased above a certain value corresponding to the critical Taylor number T c 1 , the laminar flow becomes unstable. This first instability known as Taylor vortex flow (TVF) is characterized by a time-independent pattern. The forties are uniformly spaced and azimuthally symmetric. This instability is due to the destabilizing effect of the centrifugal force, there is a competition between this effect and the stabilizing effect of viscous drag force. The gradient of centrifugal force due to variation of kinetic momentum gives velocity gradients so rolls appear inside the fluid if centrifugal force is superior to viscous drag force because the surface tension is low.
The first instability Taylor Vortex Flow appears at T c1 =41.22 for Γ HF =20 , T c1 =41.36 for Г HF =15 and T c1 =41.12 for Г HF =11.66 . The evolution of the critical Taylor's numbers Tc 1 as a function of the aspect ratio Г HF is shown in the fig 3. We notice that the curve has almost a linear shape without slope with an average value T c1 =41.27. So we can conclude that the appearance of the first instability (Taylor vortex) is not affected by the change of the aspect ratio of heavy fluid Γ HF . This result agrees well with experimental and numerical works, in cylindrical system completely filled [24] [25] [26] [27] and free surface case [7, 9, 10] . Subsequently increasing the angular speed, if centrifugal force is superior to viscous drag force the system undergoes a second instability with greater spatio-temporal complexity, being called as Wavy Vortex Flow (WVF) which is characterized by azimuthal waviness of the vortices for a critical value T c2 (Fig .2c) . The critical value of the onset of the wave instability T c2 is very sensitive to the variation of aspect ratio Γ HF and the presence of the free surface. This wavy vortex flow (WVF), is observed at Tc 2 = 53.7 and Tc 2 =57.51 respectively for maximum aspect ratio Γ HF =20, Γ HF =16.66, and increases to T c2 =80.1 for the little aspect ratio Γ HF =12.5. Consequently, increasing the aspect ratio delays the onset of wavy mode. This effect is not pronounced when the ratio becomes large. However, the flow becomes stable at an average value T c2 =54.24 for Γ HF ≥ Γ HFC . A critical value Γ HFC =18.33 is then found corresponding to a constant wavy vortex flow Taylor number T c2 (fig3). When the aspect ratio is increased, the surface tension become more important , the viscous force becomes significant than the centrifugal forces, it succeeds to remove the effect of the free surface for an aspect ratio Γ HF ≥ 18.33 ( fig.3 ) and the flow becomes stable at an average value T c2 =54. 24 . Fig.4 shows a comparison of the obtained results and those of J.A.Cole [7] and A.Mahamdia et al. [10] for the evolution of the critical Taylor's numbers Tc 1 and Tc 2 as a function of the aspect ratio Г. The right axis represents the values of T c2 for A.Mahamdia [10] and the left axis represents the values of Tc 1 and Tc 2 for J.A.Cole [7] and present work.
Our measurements of the appearance of the Taylor vortex (Tc 1 ) are in a good agreement with the results given by J.A.Cole [7] for all aspect ratio values, see figure. 4. Both plots show that Tc 1 is not affected by the variation of the aspect ratio Г.
The variation of the critical Taylor's numbers Tc 2 versus aspect ratio Г, is similar to that of J.A .Cole [7] for δ =0.119 and A. Mahamdia et al . [10] for δ=0.32 .
The three plots indicate that the onset of wavy vortex flow increases considerably as the aspect ratio is reduced, but it becomes stable ( T c2 ) for the large aspect ratio . [7] , and present work.
The values of T c2 found by A. Mahamdia are very large compared to those of Cole and the present work this is why we add a second axis on the left. This difference is due to the large radial gap δ inducing then shear stresses in the flow. The radial gap in the present work and in J.A. Cole [7] is almost half of that of A. Mahamdia [10] . When the radial gap δ is large, the viscous force becomes important. Due to the fluid viscosity, a boundary layer is formed because of the difference between the average velocity of the fluid and the velocity of the wall of the movable inter cylinder. The transition from the velocity of a fluid element at the surface of a solid body to the velocity of a fluid element situated at a certain distance from this surface is accompanied by infinitely big tangent forces [28] .
Two immiscible fluids with free surface
In this part, we focuses on the analysis of the aspect ratio effect (Γ LF ) of the light fluid on the stability of the heavy fluid (Γ HF ).This approach aims to determine the critical Taylor number Tc, corresponding to the occurrence of different shapes of hydrodynamic instabilities in the basic fluid (Γ HF ) known for Taylor Couette system.
We fixed the aspect ratio (Γ HF ) to a given value. Subsequently, we add the second light fluid (Γ LF ) and vary the velocity rates (Taylor number) to examine instability scenario and formation of new vortices. The structure of the flow appeared in the heavy fluid, is depicted in Fig. 5 . The instability at short wavelengths where viscosity is more important than inertia are not suppressed by viscosity as they are in one-fluid flow, but by surface tension [29] . The basic flow regime is laminar for very low Taylor number ( fig.5a ).
For the critical values of Taylor T c1 we can see the appearance of symmetric rolls .It is the first instability Taylor vortex flow ( fig. 5b) .
We have examined the appearance of the Taylor vortex instability for different values of the aspect ratio of heavy ( Γ HF ) and light fluid (Γ LF ). The critical speed T c1 for the onset of this instability is reported in table 2. We notice that, the presence of the light fluid Γ LF with free surface have not any particular effect on the critical values of the onset of the first instability in the heavy fluid flow. Critical Taylor number is almost the same as for the nominal case T c1 =41.27.
Z. Tigrine et al [30] have already found similar results in the case of two immiscible fluids superimposed between concentric spheres. They have reported that, the instability of Taylor vortex flow is not affected by the aspect ratio in the studied range 8 ≤ Γ HF ≤ 16.
As Taylor number is increased further, the static Taylor cells become unstable to a time-periodic state consisting of waves that propagate around each Taylor cell. Such a transition in a dynamical system is often called a bifurcation. This regime is called the Wavy Vortex Flow, a snapshot of which is shown in Fig.5c .
We report in Fig. 6 , the evolution of the critical Taylor Let us start with small aspect ratio .The curve obtained at Γ HF =10 can be cut out into two parts. In the first part, 0.83 < Γ LF ≤ 3.33, the presence of the light fluid and the free surface do not influence the appearance of wavy vortex flow, the average value is T c2 =115.81, except for Γ LF =2.5 for which T c2 is a little larger (T c2 = 134.09). In the second part, 3.33 < Γ LF < 8.33, T c2 increases linearly and quickly, it reaches the valueT c2 = 370.46 at a maximum aspect ratio Γ LF =8.33. It is noticed that the values of T c2 in this part are very large compared to the other aspect ratio values Γ HF . Which means that for this heavy fluid height (Γ HF =10) the flow tends to be more stable when short-wave instabilities are suppressed by the surface tension force. However, in the second part, the surface tension can not stabilize the flow because the flow has long waves.
At Γ HF =11.66 the value of T c2 is varied little for 0.83 < Γ LF < 5, then it increases linearly until T c2 =119.19 for Γ LF =6.66. Except with Γ LF =6.5, it decreases at T c2 =101.78.
According to the curve of Γ HF =13.33, the value of T c2 decreases for Γ LF ≤ 2.5 of T c2 =102.95 for Γ LF = 0.83 to T c2 =80.28 for Γ LF = 2.5. However when the aspect ratio of light fluid Γ LF become larger Γ LF ≥ 3.33 the onset of the second instability is not affected by the increase of the aspect ratio of light fluid Γ LF , because the value of T c2 is unchangeable.
Increasing further the aspect ratio Γ HF of the heavy fluid, T c2 remains constant. Average values T c2 =103.06 and T c2 =82.7 are reported respectively for Γ LF =15.83 and Γ LF =16.66. Therefore, we conclude that the onset of such vortices is not affected by the addition of the light fluid in presence of a free surface. The experimental data for this aspect ratio Γ HF =15.83 and Γ HF =16.66 are found to be similar to that of Γ HF =11.66 for Γ LF > 3.33 and Γ FH = 13.33 for Γ LF = 3.33 , respectively.
We observed the onset of the second instability (WVF) is not affected by the combined effect of the filling rate and the dynamic interaction of the interfacial movement for aspect ratio of heavy fluid Γ HF = 10, 15.83 and 16.66 in the range Γ LF ≤ 3.33 of light aspect ratio .and for Γ HF = 13.3 in the range Γ LF ≥ 3.33. Because the critical values T c2 is unchangeable. We can explicate this stability by the formation of short wavelength, which can be suppressed by the surface tension, where viscosity is more important than inertia. However, this instability ( T c2 ) becomes instable for Γ HF =10 and Γ HF =13.33 an the range Γ LF > 3.33 and Γ LF < 3.33 , respectably. This instability is due to formation of long wave, when the surface tension can no longer stabilize the flow and the inertia force is more important than the viscosity force.
Conclusions
An experimental study of the Taylor-Couette cylindrical flow with immiscible fluids and free surface is presented in this work. We investigated the effect of the aspect ratio variation of the heavy fluid Γ HF and The light fluid Γ LF on the development of hydrodynamic instability phenomena.
In a first step, the single liquid flow stability has been studied .In the second step, the annular gap is partially filled by two immiscible fluids flow .We measured the critical Taylor number corresponding to the occurrence of hydrodynamic instabilities.
The obtained results point out that the appearance of the Taylor vortex (T c1 ) seems not affected for both studied cases , regarding its value that remains unchanged T c1 =41.
The onset of the wavy vortex flow (T c2 ) in the nominal case using a single fluid is very sensitive to the variation of aspect ratio Γ HF and the presence of the free surface .Increasing the aspect ratio delays the onset of wavy mode. This effect is not pronounced when the ratio becomes larger because the flow is stable for Γ HF ≥ Γ HFC corresponding to a constant Taylor number.
The superposition of the two immiscible fluids and the variation of aspect ratio Γ HF and Γ LF can stabilize or destabilize the appearance of the second instability Wavy Vortex Flow. The onset of such vortices is not affected by the addition of the light fluid in presence of a free surface when the aspect ratio of the heavy fluid Γ HF is large and the light fluid Γ LF is little.
